s Abstract Drag reduction in wall-bounded flows can be achieved by transverse motions imposed by passive means, e.g., riblets, or by external forcing, such as wall oscillation or transverse traveling-wave excitation. In this article, we review possible physical mechanisms responsible for turbulent drag reduction and corresponding nearwall flow modification.
INTRODUCTION
The control of wall-bounded flows in an effort to reduce viscous stresses has been studied since Prandtl first used a trip wire to trigger transition in the boundary layer. These early experiments produced observable decreases in the shear stress at the wall. Since then, a wide variety of experimental and, more recently, numerical studies have been performed to determine efficient and feasible control mechanisms for shear-stress modification (see Gad-el-Hak 2000 , Coustols & Savill 1992 . Here, we concentrate on transverse modifications of the flow that can be accomplished by geometry (e.g., riblets) or by external forcing (e.g., wall oscillations, traveling waves, etc.).
Experimental results in the past four decades as well as more recent numerical studies suggest that there is a sequence of self-sustaining activities of near-wall turbulence in boundary layers. Among such turbulence activities, there are two important events, the sweeps and ejections, in which 80% of the turbulence energy is produced (see Lu & Willmarth 1973) . The ejections are associated with events accompanying the negative u-component velocity and the positive v-component velocity; the sweeps are turbulence events associated with the positive u-component velocity and the negative v-component velocity. The sweep events are particularly 0066-4189/03/0115-0045$14.00 45 important for drag reduction because they are responsible for the generation of turbulent wall-shear stress (see Choi 1989 , Kravchenko et al. 1993 , Orlandi & Jimenez 1994 . At the same time, they take place close to the wall surface below y + = 15 (Wallace et al. 1972) , suggesting that it is easier to implement wall-based control schemes, such as riblets, spanwise wall oscillations, and spanwise traveling waves, to obtain turbulent drag reduction.
Direct evidence between the organized vortical structure of turbulent boundary layers and measurable stress quantities in the flow has been provided in many numerical simulation studies (e.g., Bernard et al. 1993 , Kravchenko et al. 1993 ). In Bernard et al. (1993) , analysis of numerical data for turbulent flow in a channel demonstrated that Reynolds stress production is linked directly to the dynamics of quasistreamwise vortical structures in the wall region. In Kravchenko et al. (1993) , streamwise vortices were generally observed to lie directly above and displaced laterally from high skin-friction regions. Also, the net drag associated with regions of strong streamwise vortices was larger than the mean skin friction for the entire wall. Based on this and other experimental evidence, the focus in modern dragreduction techniques has been on controlling locally individual streamwise vortices based on sophisticated but often rather complex closed-loop control strategies (e.g., Lee et al. 1997 , Rathnasingham & Breuer 1997 . Although effective, such approaches may be inefficient or not even feasible in the high-Reynolds-number regime where length scales are of the order of tens of microns and the timescale is of the order of microseconds. Swearingen & Blackwelder (1987) are among the first to argue that the instability of low-speed wall streaks is responsible for sustaining the turbulence cycle. More recent theories by Jimenez & Pinelli (1999) , Schoppa & Hussain (1997) , and Waleffe (1997 Waleffe ( , 2002 have provided fundamental insight into this process. In particular, for low-Reynolds-number flows, Jimenez & Pinelli (1999) have shown that the turbulence regeneration cycle is associated with the near-wall region only and is independent of the outer flow. Interrupting the streak cycle artificially led to large drag reduction and even flow relaminarization. Schoppa & Hussain (1998) , capitalizing on these results, proposed a promising turbulent drag reduction strategy based on a model of vortex generators centered at the edge of the boundary layer [channel centerline in their direct numerical simulation (DNS) study]. The interesting aspect of this approach is that it introduces substantial streamwise vorticity, it is a large-scale excitation, and it leads to large (more than 20%) drag reduction at a relatively small excitation amplitude. Despite the introduction of external vorticity along the flow direction, the normal vorticity fluctuations of the controlled field were suppressed by a factor of approximately 2 compared with the uncontrolled case.
Perhaps the most complete study to date of the close association between vortex formation and streak instability has been provided more recently by Schoppa & Hussain (2002) . They have identified a new streak transient growth mechanism, which is at least one order of magnitude more energetic and operates more frequently than the normal mode instability studied in previous works (e.g., Waleffe 47 1997, Schoppa & Hussain 1997) . Unlike previous theories, vortex generation does not involve streamwise vorticity generation at the wall by the no-slip condition or the vorticity roll-up, but instead, stretching of near-wall streamwise vorticity sheets leads to streamwise vortex collapse. Based on this established relationship between streak instability and drag-inducing vortex generation, an effective strategy to drag reduction would be to prevent vortex generation at its onset instead of counteracting it. The use of transverse forcing presented herein can potentially provide this by disrupting phase-locking of the streaks and regenerated vortices.
The drag reduction observed experimentally for swept wings by Bradshaw & Pontikos (1985) has also been attributed to modification in the interaction between streamwise vortices and the wall. The sudden change in the mean strain disturbs the semiequilibrium between the turbulence and the mean flow, leading to a reduction in the ability of turbulence to extract energy from the mean flow. This finding was subsequently analyzed in DNS studies by Moin et al. (1990) and Coleman et al. (1996) , where it was found that the largest amount of drag reduction occurs at t + = 50 to 100 after the spanwise strain is introduced. For longer times, however, a drag increase may occur. The modification of the near-wall turbulence structure is subtle as pointed out by Bradshaw & Pontikos (1995) possibly because of the poor realignment angle of the longitudinal vortices by the spanwise shear over a swept wing. Transverse oscillation is an effective means of realigning the longitudinal vortices in the streamwise direction. The key factor to effectiveness of such or similar dynamic inputs for control of wall turbulence is appropriate phasing, as is demonstrated below.
Here, we review three different ways of introducing transverse flow modifications: using (a) riblets, (b) oscillations, and (c) traveling waves. Riblets reduce drag by up to 10%. Oscillations, imposed either by a moving wall, a transverse flow, or a transverse force, lead to drag reduction in excess of 40%. Transverse traveling waves confined within the viscous sublayer also lead to drag reduction of more than 30%.
In the following, we first describe each drag reduction technique separately, and subsequently we discuss the possible common features of physical mechanisms. We conclude with a brief summary.
RIBLETS
Riblets are passive drag reduction devices, installed over a smooth surface in the turbulent boundary layer, and they can result in up to 10% drag reduction. They consist of microgrooves of the size of the viscous sublayer with either triangular or semicircular cross section. The first practical use of riblets was made by the U.S. men's rowing boat at the Los Angeles Olympic Games in 1984. Riblets were also used by Stars and Stripes to regain the America's Cup in 1987. In the Sidney Olympic Games in 2000, top swimmers used swimming suits with riblets to win many gold medals. A flight test of riblets on an Airbus aircraft was conducted in 48 KARNIADAKIS CHOI 1989 to show that there is a measurable amount (of the order of 2%) of net drag reduction by applying them over wings and fuselage; the typical size of riblets for aeronautical applications is between 30 and 50 µm.
Walsh and associates began systematic studies of riblets for turbulent drag reduction in the late 1970s at NASA Langley Research Center (Walsh 1980 (Walsh , 1982 (Walsh , 1990 Walsh & Lindeman 1984) . They showed that the skin-friction drag is reduced when the nondimensional riblet spacing s + = su * /ν is approximately 15 (wall units). The drag starts to increase, however, when the riblet spacing exceeds s + = 30. Riblets should be aligned with the local flow direction of the boundary layer for a maximum drag reduction. Although riblets are quite tolerant to the misalignment (Gaudet 1987) , drag reduction will be completely lost when the yaw angle exceeds approximately 30 degrees. The drag will then increase with a further increase in misalignment angle because the boundary layer will become locally separated (Choi & Hamid 1991) . The net skin-friction reduction is almost linearly proportional to the amount of coverage with riblets over the body surface. Experimental investigations into the near-wall turbulent structure over the riblets surface were carried out by many researchers (Walsh 1990 , Coustols & Savill 1992 , Tardu 1995 , Coustols 1996 . These were followed by DNS studies by Chu & Karniadakis (1993) , Choi et al. (1993) , and Goldstein et al. (1995) .
Riblets seem to work as longitudinal fences to reduce the skin-friction drag by impeding the spanwise movement of longitudinal vortices during the sweep events (Choi 1987) . In a sense, riblets reduce the skin-friction drag of the turbulent boundary layer by modifying the sequence of near-wall activity by passive spanwise forcing. The turbulent wall-shear stress in the boundary layer is produced by the downwash of high-momentum fluid in the final stage of the regenerating cycle (Choi 1989) , where the neighboring legs of ejecting hairpin vortices are being stretched in the streamwise direction. The stretching of longitudinal vortices is hampered as their spanwise movement is impeded by riblets, thereby reducing the strength of the downwash during the sweep events. This is evident in the reduction of streamwise vorticity ω x over the riblets surface [as shown in Figure 1 , Figure 1 Profiles of streamwise vorticity ω x : (Case A) over the drag-reducing riblets surface and (Case B) over the drag-increasing riblets surface. Results from the DNS by Crawford (1996) . obtained from the DNS results by Crawford (1996) ]. Consequently, the sweep events take place prematurely, leading to a reduction in the sweep duration and intensity.
The reduction in the sweep duration over the riblets surface is shown in the isometric view of conditional spanwise correlation of wall skin-friction signals (Figure 2 , left), which is compared with the counterpart over the smooth surface (Figure 2, right) . Here, signals from eight nonuniformly spaced hot-film sensors were simultaneously sampled and ensemble averaged when the sweep events were detected from a sensor at the centerline of the figure. A wider area of positive spanwise correlation over the riblets surface is also shown in this figure, suggesting that the spacing between the pair of counter-rotating longitudinal vortices during the sweep events was increased as a result of the premature burst. The result also suggests that the meandering of longitudinal vortices may be reduced. The flowvisualization picture taken using the smoke-wire technique shown in Figure 3 (left) depicts the near-wall structure over the riblets surface dominated by longitudinal vortices. It shows that the paired vortices over the riblets surface tend to be shorter and the spanwise spacing between them wider compared to thei counterpart over a smooth surface (Figure 3 , right), supporting the above findings that the riblets modify the near-wall structure during the sweep events.
Other researchers also quoted the impedance of cross flow velocity fluctuations in the near-wall region of the boundary layer as a primary mechanism for turbulent drag reduction using riblets. Bechert et al. (1997) investigated the use of "brother and sister" riblets to reduce the effect of sloshing within the grooves, from which they obtained 10% turbulent drag reduction. Significant reductions in the w-velocity fluctuations by riblets were observed by Suzuki & Kasagi (1994) . Also, Luchini et al. (1991) suggested that the drag reduction can be optimized by maximizing the difference between the protrusion height of riblets for the cross flow and that for the streamwise flow. Jung et al. (1992) were the first to suggest a possibility of reducing skin-friction drag of the turbulent boundary layer by oscillating a wall in the spanwise direction. Their DNS studies conducted for a turbulent channel flow indicated that a maximum drag reduction of up to 40% can be obtained at T + = 100, where T + is the nondimensional period of wall oscillation defined by T + = t(u * ) 2 /ν. The logarithmic velocity profile of the channel flow was shifted upward, suggesting that the viscous sublayer is thickened as a result of the transverse wall oscillation. Reductions in the intensities of velocity fluctuations by up to 30% were also shown. This study was followed by Laadhari et al. (1994) , who carried out an experimental investigation of the turbulent boundary layer to demonstrate that the mean velocity gradient of the boundary layer is reduced near the oscillating wall. A more recent experiment by Choi & Graham (1998) extended the possibility of turbulent flow control by wall oscillation, indicating that the friction drag of a turbulent pipe flow can be reduced by up to 25% by oscillating a pipe along the longitudinal axis. DNS studies of the circular pipe flow oscillation by Orlandi & Fatica (1997) and Quadrio & Sibilla (2000) provided a further detail of changes in the near-wall turbulence structure.
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OSCILLATIONS
Experimental results show that the skin-friction coefficient begins to reduce just upstream of the leading edge of the oscillating wall to reach a maximum level of drag reduction, approximately 45% near the center of the plate before reverting back gradually toward zero after the trailing edge. It was observed that a 40% reduction in skin-friction drag could be reached within only one cycle of wall oscillation (assuming that the convection velocity is u + = 13) in contrast to DNS data (Jung et al. 1992) , where the maximum skin-friction reduction is achieved only after a few oscillation cycles. Baron & Quadrio (1996) showed that a net energy savings of up to 10% can be achieved when the wall velocity is Q x /4h, where Q x is the flow rate and h is the half-channel height. No net savings were found when the wall velocity was greater than 3Q x /8h, however.
The two-point auto-correlation coefficient of wall-shear stress fluctuations R τ τ = τ (0)τ (z + )/τ 2 takes its first minimum at z + ≈ 50 (Jeon et al. 1999) , which can be considered as the mean spanwise spacing of longitudinal vortices in the near-wall region of the turbulent boundary layer. It is possible, therefore, that the turbulent skin-friction drag can be reduced if the wall surface is suddenly moved by more than 50 wall units in the spanwise direction. In other words, the spatial coherence between the longitudinal vortices and the low-speed streaks could be disrupted by oscillating a wall in the spanwise direction (Baron & Quadrio 1996) . This would cause the vortices to pump high-speed rather than low-speed fluid away from the wall and to splash low-momentum rather than high-momentum fluid toward the wall, thereby disrupting the process of turbulent energy production in the turbulent boundary layer. Dhanak & Si (1999) suggested that the skin-friction reduction by spanwise wall oscillation is a result of the attenuation in the formation of streamwise streaks, which may disrupt the self-sustaining mechanism of turbulence generation in the wall region. The duration and strength of the sweep events were reduced 47% and 23%, respectively, in the first cycle of wall oscillation in the numerical study conducted by Dhanak & Si (1999) (shown in Figure 4 ). The changes in the sweep signature observed in the experiment by Choi & Clayton (2001) were much greater, however, with 78% reduction in duration and 64% reduction in strength. A significant difference between the sweep signatures between these results seems to suggest that three-dimensional effects on the near-wall structure, which was not modeled in the numerical simulation, are important mechanisms of turbulent drag reduction by wall oscillation.
As the wall moves upward during the oscillation without a boundary layer flow, a Stokes layer is created near the wall surface with a vortex sheet containing only the positive streamwise vorticity. When an upward movement of oscillating wall is made across the boundary-layer flow, however, the vortex sheet is tilted upward into the negative spanwise direction [shown in Figure 5 , left], generating a negative component of spanwise vorticity in the near-wall region of the boundary layer. As the wall moves into the opposite direction, on the other hand, the Stokes layer creates a sheet of negative streamwise vorticity. During the downward phase of wall oscillation across the boundary layer flow, this is tilted downward into the positive spanwise direction (Figure 5 , right), again creating a negative component of spanwise vorticity. In other words, a negative spanwise vorticity is created in the turbulent boundary layer during both negative (upward) and positive (downward) movement of the spanwise wall oscillation . Consequently, the streamwise velocity in the nearwall region of the turbulent boundary layer is reduced as the vortex sheet in the Stokes layer is tilted into the spanwise direction to create the negative spanwise velocity. The resultant velocity reduction seems to hamper the stretching 52 KARNIADAKIS CHOI
Figure 6
Turbulent skin friction reduction by wall oscillation as a function of the nondimensional wall velocity: solid circles, ; open circles, Laadhari et al. (1994) ; open squares, Jung et al. (1992) .
of the longitudinal vortices in the near-wall region, thereby weakening the sweep events. This leads to a turbulent drag reduction by wall oscillation in the boundary layer.
The amount of drag reduction depends not only on the oscillation period as some of DNS simulations suggest, but also on the amplitude of wall oscillation. showed that the drag reduction by spanwise wall oscillation is a unique function of the nondimensional wall speed w + = ( z + /2)ω + (Figure 6 ), where z + and ω + are the peak-to-peak amplitude and the angular velocity of wall oscillation, respectively. This result has also been confirmed in experiments by Trujillo et al. (2002) . The Reynolds number of the Stokes layer does not seem to affect the drag reduction by wall oscillation as long as it is below the critical value. The nondimensional period of wall oscillation is, therefore, given by T + = π z + /w + as a function of the wall amplitude z + for a given wall velocity w + . In the experiment conducted by , the spanwise velocity and amplitude of wall oscillation were w + = 15 and z + = 400, respectively, giving the period of wall oscillation T + = 80. This gave a nearly optimum condition for turbulent drag reduction. It is interesting to observe that the optimum spanwise velocity in electromagnetic flow control was w + = 13 for spanwise flow oscillation (Berger et al. 2000) and w + = 17 for the spanwise traveling wave (Du & Karniadakis 2000 ) (see next section); both of which are close to the optimum wall velocity of w + = 15 for the wall oscillation. Finally, we examine the vorticity fluctuations for a transverse oscillatory flow induced by a force decaying exponentially from the wall into the fluid, i.e., where I is the amplitude, is the penetration length, and T is the period of the oscillation. This type of forcing was employed in the DNS studies by Berger et al. (2000) and Du et al. (2002) , and similar results were obtained as in the case of wall oscillation. In Figure 7 , we plot the normal vorticity fluctuations; it is substantially lower, with the peak almost a factor of 2 lower than the peak of the uncontrolled case, in agreement with the findings by Baron & Quadrio (1996) for wall oscillations and also by Schoppa & Hussain (1998) for a standing wave-type excitation. Du & Karniadakis (2000) reported that an excitation that would induce spanwise motions is that of a force resembling a traveling wave along the span as follows:
TRAVELING WAVES
where I is the amplitude, λ z is the wavelength in the span, is the penetration length, and T is the period. Simulations performed at Re τ ≈ 150 with different combinations of λ z , T, I , and values showed that drag reduction over 30% can be achieved in certain cases. The amount of drag reduction depends strongly on the frequency, even qualitatively, as in the case of the oscillatory excitation discussed in the previous section.
However, the values of the frequencies that are effective are different than in the oscillatory cases. It also depends on the amplitude of the excitation but in a nonmonotonic way. For example, for a frequency corresponding to T + = 100, the value of the amplitude should be sufficiently lowered compared to the case with T + = 50 in order to realize any drag reduction. The effect of wavelength is less significant, but detailed simulations reported by Du et al. (2002) suggest that the higher the value of λ z , the larger the amount of drag reduction. Owing to computational limitations, however, only wavelengths up to λ + z = 1000 were tested; clearly for λ z → ∞, we recover an oscillatory excitation.
Another parameter in the traveling wave excitation is the penetration length + = u * /ν. Several simulations were performed by Du et al. (2002) by varying + = 1.5, 3, 6, and 15 for different combinations of frequency and amplitude. If the product
where C is a constant, then a drag reduction of approximately 30% is obtained independently of the specific values of I, T + , and but for reasonable deviations from the baseline case. This product is dimensional, and its exact value depends on the Reynolds number; for fixed Re τ ≈ 150, then C = 1. In particular, for a fixed penetration length , we see that the amount of drag reduction scales with the product I × T , which is essentially the same parameter identified in spanwise oscillations (see previous section). In Figure 8 , we show typical time histories For example, in designing electromagnetic tiles for actuation, one has to select properly the electrode size as it influences directly the penetration length (see Du & Karniadakis 2000) .
Of course, not all combinations of (I, T + ) whose product is constant will produce the same flow result. For example, simulations were also carried out with I = 0.25 and T + = 200 (with + ≈ 3), but this case results in drag increase, as the frequency of the traveling wave (and correspondingly the phase speed) is very low. This means that we first have to obtain the right range of frequency and subsequently have to search for the optimum energy input. These results suggest that there is a threshold value of energy input, below which wall turbulence is unaffected and above which drag increase may be obtained; close to that threshold large amounts of drag reduction can be achieved.
In Figure 9 , we present the normal vorticity fluctuation for the case with I = 1; T + = 50; + = 3. The modified statistics near the controlled wall are similar to the statistics of the transverse oscillatory excitation. All velocity and vorticity fluctuations are lower on the controlled side, consistent with the drag-reduction results. Specifically, the normal vorticity, whose amplitude plays an important role in the streak instability process according to the theory by Schoppa & Hussain (2002) , is lowered substantially. Also, from plots of the skewedness factor for 56 KARNIADAKIS CHOI the velocity (not shown), we have observed that the spanwise oscillation exhibits substantially larger values for the streamwise and normal components compared with traveling wave excitation.
In Figure 10 , we plot the streamwise velocity and vorticity as well as the spanwise velocity close to the controlled wall (y + = 4) at the same instant. In particular, we observe that the spanwise velocity has a traveling-wave form similar to the excitation force, which results in the "regularization" of the streamwise vorticity. Indeed, unlike the classical view where reinforcement of the spanwise vorticity may result in suppression of turbulence production, here it is the introduction of external streamwise vorticity that leads to suppression and significant weakening or substantial elimination of the near-wall pairs of streaks. This regularization of streamwise vorticity has also been suggested by Dhanak & Si (1999) as the mechanism for drag reduction in spanwise wall oscillations.
The wide "ribbon" of low-speed fluid, which extends over 200 wall units, is directly related to the large strip of positive streamwise vorticity (see Figure 10) . The underlying mechanism in the traveling wave excitation seems to be related to the stabilization of the near-wall streaks (Swearingen & Blackwelder 1987) . It can possibly be explained by the more recent theories on regeneration mechanisms of near-wall turbulence put forward by Jimenez & Pinelli (1999) , Schoppa & Hussain (1997) , and Waleffe (1997) . The results by Schoppa & Hussain (1998) , in particular, are similar to the results reviewed here although the control strategy is different. Specifically, they use a lower-amplitude standing-wave excitation that is applied throughout the domain in contrast to the excitation employed here, which is restricted to a very thin layer near the wall. However, both their strategy and the transverse traveling wave aim at stabilizing the low-speed streaks. In both approaches, the vorticity fluctuations normal to the wall are reduced by at least a factor of 2 compared with the no-control case for drag-reducing cases (see Figure  9 ). It was also found in a model postulated by Schoppa & Hussain (1997) that the normal vorticity ω y is a key indicator of formation of new streamwise vortices near the wall by streak instability. Specifically, the growth rate of the streaks' sinuous instability mode grows with the magnitude of ω y , so if the normal vorticity falls below a threshold, no such instability occurs. A difference between the approach by Schoppa & Hussain and the traveling-wave excitation by Du et al. (2002) is that in the former the lifted streaks that protrude well above the sublayer are targeted, whereas in the latter only structures within the sublayer are targeted.
The role of the streamwise vorticity ω x is also of great interest. In Figure 10 , we plot instantaneous contours of streamwise vorticity for a drag-reducing case with the wavelength equal to the span of the domain. We see that ω x is also a traveling wave that forms a protective shield for the controlled surface. With the introduction of external streamwise vorticity that is proportional to
in the near-wall region, the streamwise vortices are significantly strengthened. This enhancement of the streamwise vorticity and associated streak stabilization has also been found numerically by Jimenez & Pinelli (1999, Figure 10 ). Specifically, they filtered explicitly the coherent component of the normal vorticity component by multiplying it by a filter function. The filter width increases as does the streamwise vorticity; simultaneously, there is significant streak damping with eventual relaminarization of the flow. The drag reduction obtained in these simulations was approximately 30% before an abrupt transition to flow laminarization occured with sudden drops in all turbulence intensities. A comparison of the corresponding velocity and turbulence statistics ( Figure 9 ) against Figure 10 by Jimenez & Pinelli (1999) reveals many similarities before the flow returns to a laminar state under strong filtering. However, there is a difference with the traveling-wave excitation by Du et al. (2002) in that the region where filtering works in the experiment by Jimenez & Pinelli is 10 < y + < 60. In fact, the damping of the streaks fails if the filtering manipulation is applied only below y + ≤ 10, unlike the traveling wave or the wall oscillations cases reviewed here.
DISCUSSION
We believe that the drag reduction of the turbulent boundary layer by spanwise forcing is basically due to control of the behavior of longitudinal vortices in the near-wall region. As discussed above, riblets act like small longitudinal fences in reducing turbulent skin-friction drag by impeding the spanwise movement of longitudinal vortices. This effectively controls the behavior of vortices in such a way as to reduce the streamwise stretching, thus reducing the skin-friction drag. Wall oscillation also regulates by a periodic oscillatory flow the behavior of longitudinal vortices in the near-wall region (Miyake et al. 1997) . As a result, the streamwise vorticity fluctuation (with respect to phase-averaged values) near the wall is reduced by the spanwise wall oscillation, although it increases temporarily at the start of oscillation. Figure 11 shows the phase-averaged streamwise velocity in the turbulent boundary layer over the oscillating wall at y + = 4, plotted as a function of the phase angle of the oscillation. The wall is at the bottom position when its phase angle is θ = −π or π, and is at the top when it is zero; therefore, the maximum and minimum wall velocities are found at the phase angle of θ = −π/2 and π/2, respectively. The local spanwise velocity shown in the figure was obtained from the theoretical Stokes layer profile. It is clearly shown that the streamwise velocity of the turbulent boundary layer at y + = 4 is modulated by the spanwise wall oscillation with a frequency twice the oscillating frequency of the wall, and it is in phase with the rectified signal of the local spanwise velocity. This suggests that the streamwise velocity in the near-wall region of the turbulent boundary layer is reduced as the vortex sheet in the Stokes layer is tilted into the spanwise direction Figure 11 Phase-averaged signal in the turbulent boundary layer as a function of the wall phase angle θ during a cycle of wall oscillation at y + = 4. Thick solid line, streamwise velocity; short dashed line, local spanwise velocity; long dashed line, probability density of the sweep events; star (horizontal line), local mean velocity over the stationary wall; cross (horizontal line), local mean velocity over the oscillating wall.
during the wall oscillation to create a negative spanwise vorticity. The resultant reduction in the streamwise velocity of the turbulent boundary layer seems to hamper the stretching of the quasistreamwise vortices in the near-wall region, thereby reducing the streamwise vorticity. Consequently, the near-wall burst activity in the turbulent boundary layer is weakened, leading to a reduction in the turbulent skin-friction drag.
One difference between the transverse traveling wave excitation and the other drag reduction techniques such as riblets, spanwise oscillations, and even polymers seems to be the type of modification of the near-wall streaks. The effect of the action of the traveling wave, when it is effective in reducing the drag force on the controlled wall, is to weaken and in many cases to eliminate most of the wall streaks. This is shown in Figure 10 (top), which plots instantaneous near-wall streamwise velocity contours at the controlled lower wall. Instead of the familiar turbulence structure consisting of pairs of high-speed and low-speed streaks, a wide "ribbon" of low-speed velocity is formed. This is rather intriguing, in view of the fact that streaks and streak spacing are usually difficult to alter even in cases where a very large amount of drag reduction has been obtained. For example, in drag reduction using polymers, the increase in streak spacing is proportional to the percentage of drag reduction (Tiederman 1990 , Sureshkumar et al. 1997 , Nieuwstadt & Den Toonder 2000 .
To contrast this finding with the turbulence structure resulting from other drag-reducing techniques, in Figure 12 , we plot the wall streaks visualized in simulations of turbulent flow over streamwise riblets (Chu & Karniadakis 59 1993) . Although a drag reduction of approximately 5% is achieved in this case, the lateral spacing of the streaks does not change appreciably, but the streaks appear more elongated compared to the uncontrolled case. This is consistent with the flow visualizations obtained in experiments (see Figure 3) . Similarly, if instead of a traveling wave, an oscillatory flow along the spanwise direction is imposed, as discussed in Section 3, the wall streaks are still present as shown in Figure  13 , but they are inclined with respect to the flow direction owing to the spanwise flow component. This picture is in agreement with the streaks visualized with wall oscillations in the experiments by (see Figure 5) . In particular, the near-wall structures in the simulations (Figure 13 ) and experiments ( Figure 5 ) are similar despite the fact that in the former an oscillatory force is imposed (Equation 1), whereas in the experiment the wall is oscillated mechanically. In both cases as well as in the riblets case, despite these obvious modifications, the fundamental structure of near-wall (sublayer) streaks and corresponding vortex lines remains the same, unlike the traveling wave excitation where no wall streaks or vortex lines resembling hairpin vortices can be found.
It is also instructive to investigate the spatial extent of the modification of flow structures in the near-wall regions. From visualizations of instantaneous contours of streamwise velocity as well as pressure, we have observed that even at distances more than 20 wall units away from the controlled wall there are no streaks present. The magnitude of the intensity of the streaks is also reduced significantly, as is evident from contour plots of the normal vorticity component (see Du et al. 2002) . These results also confirm the significant weakening of streaks even away from the wall in the controlled case and the complete elimination of most of the wall streaks. Of course, not all streaks are eliminated, otherwise turbulence could not be sustained (Jimenez & Pinelli 1999) .
SUMMARY
We present a review on potential physical mechanisms responsible for the drag reduction by transverse motions in turbulent wall flows, using riblets, spanwise oscillations, and spanwise traveling waves. The key mechanism identified is the control of the near-wall longitudinal vortices and corresponding suppression of the instability of low-speed (sublayer) streaks. Whereas the first two approaches, i.e., riblets and spanwise wall oscillations, have been documented both numerically and experimentally, the traveling wave approach has only been documented numerically to date, but preliminary experiments with Lorentz actuators and shape-memory alloys have produced results consistent with the DNS predictions. Although we have not considered the practical aspects of such drag reduction strategies here, these aspects strongly depend on the specific implementation as well as the application targeted. 
